Cell-based therapy has emerged as a promising approach to combat the myocyte loss and cardiac remodelling that characterize the progression of left ventricular dysfunction to heart failure. Several clinical trials conducted over the past decade have shown that a variety of autologous bone-marrow-and peripheral-blood-derived stem and progenitor cell populations can be safely administered to patients with ischaemic heart disease and yield modest improvements in cardiac function. Concurrently, rapid progress has been made at the pre-clinical level to identify novel therapeutic cell populations, delineate the mechanisms underlying cell-mediated cardiac repair and optimize cell-based approaches for clinical use. The following review summarizes the progress that has been made in this rapidly evolving field over the past decade and examines how our current understanding of the mechanisms involved in successful cardiac regeneration should direct future investigation in this area. Particular emphasis is placed on discussion of the general hypothesis that the benefits of cell therapy primarily result from stimulation of endogenous cardiac repair processes that have only recently been identified in the adult mammalian heart, rather than direct differentiation of exogenous cells. Continued scientific investigation in this area will guide the optimization of cell-based approaches for myocardial regeneration, with the ultimate goal of clinical implementation and substantial improvement in our ability to restore cardiac function in ischaemic heart disease patients.
INTRODUCTION
Despite significant advances in the understanding and treatment of cardiovascular diseases, the development of heart failure secondary to coronary artery disease remains a significant cause of morbidity and mortality worldwide [1] . The evolution of LV (left ventricular) dysfunction to heart failure is characterized by chronic myocyte loss that is inadequately compensated for by cellular hypertrophy of remaining myocytes, ultimately leading to deterioration of cardiac contractile performance [2] . Unfortunately, the majority of available treatment options only delay the progression of disease without addressing the fundamental problem of cardiomyocyte loss, while the lone exception of organ transplantation is hampered by the limited availability of donor Abbreviations: BrdU, bromodeoxyuridine; CDC, cardiosphere-derived cell; CSC, cardiac stem cell; CXCR, CXC chemokine receptor; EPC, endothelial progenitor cell; HGF, hepatocyte growth factor; HNA, human nuclear antigen; IGF, insulin-like growth factor; JAK, Janus kinase; LAD, left anterior descending; LV, left ventricular; MSC, mesenchymal stem cell; pHH3, phospho-histone H3; SDF, stromal-cell-derived factor; STAT, signal transducer and activator of transcription; VEGF, vascular endothelial growth factor. Correspondence: Dr Brian R. Weil (email bweil@buffalo.edu).
hearts. As a result, there is a critical need for the development of therapeutic strategies aimed at reversing myocyte loss, restoring cardiac function and preventing the progression to clinical heart failure.
With this goal in mind, the administration of stem and progenitor cells has emerged as an innovative approach to replace lost myocytes and rejuvenate damaged and dysfunctional myocardium. Given the tremendous clinical potential of such efforts, it is not surprising that this field has evolved at a rapid pace since the publication of initial studies demonstrating that transplantation of skeletal myoblasts to infarcted myocardium could improve cardiac contractile performance [3, 4] . Indeed, the past decade has witnessed major advances in the development of cell-based approaches for cardiac repair, including the completion of several large clinical trials confirming the safety and efficacy of various autologous peripheral-blood-and bone-marrow-derived cell populations in patients with ischaemic heart disease. For example, a recent meta-analysis of 50 studies including over 2000 patients treated with autologous bone-marrow-derived cells concluded that cell therapy leads to small, but significant, improvements in LV ejection fraction (∼4 %) and reduces infarct size (∼4 %), LV end-systolic volume (∼9 ml) and LV end-diastolic volume (∼5 ml) [5] . Moreover, minimal adverse events have been reported, and several trials have shown beneficial effects of cell therapy on indices of patient performance such as exercise capacity and 6-min walk distance [6, 7] . These encouraging results have fuelled interest in optimizing cell-based approaches to build upon the modest improvements observed in the first generation of clinical trials of cell therapy for cardiac repair.
Concurrent with the initial stages of clinical translation, rapid progress has been made at the pre-clinical level to improve our understanding of the mechanisms involved in successful cardiac regeneration after injury. Although the heart has traditionally been considered a terminally differentiated post-mitotic organ incapable of cellular turnover, a growing body of evidence suggests that this is not the case [8] . Several studies utilizing various techniques of cellular dating have shown that considerable myocyte turnover occurs throughout life in the healthy and diseased heart [9] [10] [11] . Together with the seminal discovery of circulating [12] and resident [13, 14] endogenous cardiac stem cells, this finding has dramatically shifted our perspective regarding the potential for regeneration of the damaged human heart. Although initial attempts at cell-mediated cardiac repair were performed with the goal of directly replacing lost myocytes via transdifferentiation of exogenous stem cells, the recognition of endogenous cardiac regenerative potential has led to new approaches involving the administration of cell populations derived from the heart itself and/or activation of the host's own reparative responses to promote myocardial regeneration and improve cardiac function. In the present review, we will summarize recent progress in our understanding of the heart's capacity for repair, discuss how the recognition of endogenous regenerative potential has directed the development of novel cell-based therapeutic approaches and examine the mechanisms by which these approaches appear to revitalize damaged and dysfunctional myocardium.
ENDOGENOUS REPAIR CAPACITY OF THE MAMMALIAN HEART
For many decades, the mammalian heart has been considered a terminally differentiated organ without the intrinsic capacity for regeneration. Under this view, it was believed that the number of cardiomyocytes was established shortly after birth and remained largely unchanged throughout the adult lifespan, with changes in heart mass attributed exclusively to hypertrophy of existing myocytes [15] . However, accumulating evidence suggests that cellular turnover does in fact occur in the adult mammalian heart [8] . Using the innovative approach of radiocarbon DNA dating, Bergmann et al. [9] provided evidence of cardiomyocyte renewal in human adult hearts and estimated that ∼50 % of the cardiomyocyte compartment is replaced throughout a typical life span. This notion of cardiomyocyte proliferation was supported by estimates of cardiomyocyte DNA synthesis in post-mortem tissue from cancer patients who had been treated with the thymidine analogue iododeoxyuridine, which is incorporated into the DNA of cycling cells and thus allows assessment of myocyte proliferation over time [16] . Mathematical modelling suggested that cardiomyocytes turn over at a much higher rate (∼20 % per year) than had been proposed by Bergmann et al. [9] , but nevertheless reinforced the emerging concept that myocyte turnover and tissue regeneration occur throughout adulthood. The discrepant findings regarding the magnitude of cardiomyocyte turnover may have been resolved by a recent collaborative effort involving investigators from each of the previous studies in which retrospective radiocarbon DNA dating was performed on fresh tissue samples from healthy and failing human hearts [11] . This method minimizes the requirement of mathematical modelling that was heavily relied upon in earlier reports and may have contributed to an underestimation of myocyte turnover [17] . Using this improved approach, the authors found that from 20 to 78 years of age, the entire cardiomyocyte compartment is replaced ∼8 times in healthy hearts, with an even greater turnover rate apparent in patients with heart failure. This finding challenges the prevailing dogma of the heart as a post-mitotic organ and indicates that the mammalian heart retains a significant degree of plasticity and cell turnover throughout adult life.
The recent discovery of CSCs (cardiac stem cells) has also played a pivotal role in promoting the modern view of the heart as an organ capable of regeneration. Although a specific hierarchy of CSCs and cardiac progenitor cells has yet to be defined, several groups of investigators have identified cell populations with characteristics of stem cells that reside in the post-natal heart [18] . The most extensively studied cell population is that characterized by expression of the tyrosine kinase receptor c-kit. Initially identified by Beltrami et al. [19] , Lin − /c-kit + cells are selfrenewing, clonogenic and multipotent, with the ability to differentiate into cardiomyocytes, smooth muscle cells and endothelial cells [14] . These CSCs are thought to reside within specialized niches primarily located in the atrium and apex, where they maintain their 'stemness' via connexin-and cadherin-mediated structural connections with mature cardiomyocytes, fibroblasts and other stem cells [20] . Additional cell populations characterized by the expression of surface markers {SCA (stem cell antigen)-1 [21] }, transcription factors (Islet-1 [22] ) or the ability to efflux fluorescent dye (side-population cells expressing ATP-binding cassette transporters [23] ) have also been found in the heart and shown to possess characteristics of stem cells. More recently, the epicardium has been identified as a potential source of cardiac progenitor cells that are capable of regaining their embryonic potential to form new vascular cells and cardiomyocytes following stimulation by thymosin β-4 [24] . Although initial reports suggested minimal overlap between these putative CSC populations, subsequent studies have shown expression of some surface antigens in the same line of cells at different stages of maturation [18] . Regardless, it is clear that cells with the capacity to form cardiomyocytes exist in the post-natal mammalian heart, providing further evidence of endogenous cardiac regenerative potential.
The high rate of morbidity and mortality in patients with ischaemic heart disease clearly demonstrates that the endogenous capacity for cardiac repair is insufficient to offset the loss of myocytes that typically occurs with acute or chronic myocardial ischaemia. However, evidence of some degree of myocyte regeneration after injury has provided further support for the notion that the heart is capable of a limited amount of self-repair. For example, Richard Lee's laboratory has recently used genetic fatemapping with stable isotope labelling and multi-isotope imaging MS in mice to demonstrate that the formation of new cardiomyocytes occurs at a low rate during normal aging, but is increased in areas adjacent to infarcted myocardium [25] . Interestingly, the genesis of new myocytes primarily occurred via the division of pre-existing cardiomyocytes that had re-entered the cell cycle. Although these results suggest that endogenous progenitors have a minimal role in repair after injury, other investigators have performed lineage-tracing experiments with transgenic mice to demonstrate that progenitor cells are mobilized and/or recruited to the heart and form cardiomyocytes after myocardial infarction or pressure overload [26] . To investigate the mechanisms involved in this process, specific growth factor signalling pathways have been examined based on immunohistochemical evidence that c-kit + CSCs express the HGF (hepatocyte growth factor) receptor c-Met and the IGF (insulin-like growth factor)-1 receptor (IGF-R) [27] . In vitro experiments revealed that HGF promoted CSC migration and IGF-1 enhanced cell survival and proliferation, which lead the authors to administer these growth factors to the infarcted rat heart in an attempt to stimulate a regenerative response in vivo. Fluorescent labelling of CSCs in the atrioventricular groove enabled tracking of these cells, which migrated towards the infarcted area and appeared to begin differentiating into small myocytes. Moreover, the combined HGF/IGF-1 treatment resulted in a significant improvement in ventricular function and animal survival, supporting the idea that activation of endogenous CSCs may be a viable approach to promote cardiac recovery after injury.
Collectively, the documentation of cardiomyocyte turnover throughout adulthood, evidence that new cardiomyocytes can form from the division of pre-existing cardiomyocytes and the identification of resident cardiac stem and progenitor cells that contribute to myocyte renewal have re-shaped our understanding of myocardial biology. It is now apparent that cardiac cellular homoeostasis throughout life is a reflection of the balance between myocyte death and myocyte renewal, with profoundly negative implications for organ function when this balance is shifted in such a way that cell death exceeds cell regeneration. Although endogenous progenitor cells and division of pre-existing cardiomyocytes may contribute to cardiac regeneration after injury, the adult heart's capacity for repair is clearly of insufficient magnitude to offset the dramatic loss of myocytes that characterizes acute or chronic ischaemic heart disease. Nevertheless, the recognition of natural regenerative mechanisms in the mammalian heart has stimulated interest in the development of therapeutic approaches that exploit the endogenous potential for cardiac repair.
EXPERIMENTAL CELL TRANSPLANTATION FOR CARDIAC REPAIR: EMERGENCE OF NOVEL CELL POPULATIONS
Initial attempts at administering exogenous blood-and bonemarrow-derived progenitor cells to repair damaged myocardium were motivated largely by the findings of Orlic et al. [28] , who reported that bone marrow haemopoietic stem cells could transdifferentiate into cardiomyocytes after transplantation into infarcted myocardium. However, subsequent studies [29] [30] [31] raised doubts regarding the transdifferentiation capacity of bonemarrow-derived cells, and it is now generally believed that these cells only rarely give rise to cardiomyocytes, if ever [18] . Nevertheless, clinical trials testing the safety and efficacy of these cell populations have moved forward, generally showing modest improvements in ventricular function despite the inability to directly generate a large number of new myocytes [5] . Driven by the discovery of endogenous cardiac progenitors, more recent studies have focused on novel cell populations that may possess superior cardiomyogenic potential given their apparent involvement in physiological cardiomyocyte turnover.
CSCs
Following the identification of stem cell populations resident in the adult heart, attempts at isolating these cells for the purpose of experimental cell therapy soon followed based on the notion that cardiac-derived cells may be particularly effective at regenerating myocardium. A series of preclinical studies involving the isolation of c-kit + CSCs from fragments of cardiac tissue, ex vivo expansion in culture and subsequent transplantation into damaged myocardium have provided encouraging results. For example, intramyocardial injection of human c-kit + CSCs into the infarcted hearts of immunosuppressed rodents elicited significant improvements in cardiac function, with evidence that the exogenously delivered CSCs differentiated into cardiomyocytes, endothelial cells and vascular smooth muscle [14] . These and other [32] positive results have facilitated the translation of this approach to human patients with the SCIPIO (Stem Cell Infusion in Patients with Ischemic Cardiomyopathy) trial, a Phase I clinical trial of autologous c-kit + CSCs. Although only a small number of patients have been studied, initial data indicate that CSC treatment improves regional and global LV function, reduces infarct size and increases viable myocardium for up to 1 year after injection [33, 34] .
CDCs (cardiosphere-derived cells)
Soon after the discovery of resident CSCs, Messina et al. [35] described the isolation of undifferentiated cells from adult cardiac tissue specimens that would spontaneously form spherical clusters when placed in suspension culture. These clusters were termed 'cardiospheres' and were shown to consist of proliferating c-kit + cells in their core, with differentiating cells expressing cardiac and endothelial cell markers in their periphery. Building on this finding, Marban's laboratory modified the cardiosphere isolation procedure and used cardiospheres as the basis of cell expansion, ultimately yielding CDCs [36] . It has been proposed that CDCs possess greater potential for repair because cardiospheres recapitulate the microenvironment of the CSC niche, as evidenced by an elevated number of c-kit + cells, up-regulation of stem-cell-related transcription factors such as Nanog and Sox2, and enhanced expression of extracellular matrix proteins and adhesion molecules [37] . In pre-clinical models of acute and chronic ischaemic heart disease, administration of CDCs improves ventricular function, reduces infarct size and increases viable myocardium [36, 38] . Interestingly, a direct comparison of CDCs with other stem and progenitor cell populations revealed that CDCs exhibit superior cardiomyogenic capacity, angiogenic potential and release of paracrine factors in vitro [39] . Moreover, CDCs injected into infarcted mouse hearts yielded a greater improvement in cardiac function, higher cell engraftment and superior attenuation of pathological ventricular remodelling compared with other cell types. CDCs were even deemed superior to purified c-kit + CSCs based on paracrine factor release and functional benefit after transplantation, suggesting that the therapeutic potential of CSCs may be enhanced by cardiosphere culture and/or administration in the context of a supportive mixed-cell milieu [39] . Preliminary results from the first clinical trial of CDCs have recently been published, demonstrating that intracoronary injection of autologous CDCs is safe and elicits significant improvements in regional contractility and viable heart mass, but not LV ejection fraction, 6-months after treatment [40] .
MSCs (mesenchymal stem cells)
Friedenstein et al. [41] first identified MSCs as a rare population of plastic-adherent bone-marrow-derived cells capable of forming single-cell colonies. These cells have subsequently been shown to possess multilineage potential, with the ability to differentiate into chondrocytes, adipocytes and osteoblasts [42] . In vitro experiments involving co-culture with mature ventricular myocytes have provided evidence that MSCs can transdifferentiate into cardiomyocytes in the appropriate microenvironment [43] . For example, mouse MSCs express α-actinin, form gap junctions and synchronously contract when co-cultured with mature rat cardiomyocytes [44] . Interestingly, separation of MSCs and cardiomyocytes with a semi-permeable membrane prevented transdifferentiation, indicating that this process requires direct intercellular communication. The differentiation of MSCs is probably regulated by multiple signalling pathways, including the Wnt canonical pathway and the TGF (transforming growth factor)-β pathway, which each respond to a variety of growth factors to direct gene expression [45] .
The in vitro cardiomyogenic potential of MSCs, as well as their accessibility from a number of tissues and capacity to undergo expansion in culture, facilitated the use of this cell population in attempts to promote cardiac repair in several pre-clinical models of ischaemic heart disease. In a swine model of ischaemic cardiomyopathy, transendocardially injected MSCs were shown to engraft in the heart, differentiate into cardiomyocytes, endothelial cells and vascular smooth muscle cells, reduce infarct size, and improve ejection fraction for up to 12 weeks [46] . Although the trilineage differentiation potential of MSCs administered to the heart has been supported by other studies [47] , the frequency of engraftment and differentiation is very low compared with the magnitude of functional recovery that is generally observed [48] , suggesting that direct differentiation is not the predominant mechanism by which these cells promote cardiac repair (discussed below). Recent work by Chong et al. [49] describing a population of epicardium-derived cardiac MSCs raises the intriguing possibility that isolation, ex vivo expansion and therapeutic administration of MSCs native to the heart may offer a superior approach for cardiac regeneration, although this remains to be tested. Regardless, the clinical application of extracardiac-derived MSCs for myocardial repair has progressed, with initial evidence that MSCs derived from bone marrow [50] and adipose tissue [51] are safe and have favourable effects on cardiac structure and function in patients with ischaemic heart disease.
MECHANISMS UNDERLYING CELL-THERAPY-MEDIATED REPAIR: STIMULATION OF ENDOGENOUS CARDIAC REGENERATION
In an effort to optimize the efficacy of cell-mediated approaches for cardiac repair, there has been significant interest in identifying the physiological, cellular and molecular mechanisms underlying successful myocardial regeneration. Although initial investigation centred on the ability of injected stem cells to differentiate into cardiomyocytes, more recent studies have revealed that the functional benefits of cell therapy arise through several mechanisms of action that generally involve the potentiation of endogenous self-repair processes.
Paracrine-factor-mediated stimulation of host cardiac repair processes by bone marrow precursors
Initial support for the notion that mechanisms other than cardiomyogenic differentiation of donor cells contributed to cellmediated cardiac repair came from the finding that injection of bone-marrow-derived MSCs overexpressing the survival gene Akt1 after myocardial infarction improved cardiac function in less than 72 h [52] . Because this time course of improvement was not consistent with direct differentiation of injected cells, the authors postulated that the beneficial effects were mediated by the release of paracrine factors (reviewed in [53, 54] ). Subsequent studies showing a similar recovery of function following administration of concentrated conditioned medium from Akt1-modified MSCs supported this hypothesis [55] . Further insight into these processes was provided by Young-sup Yoon's laboratory, who examined the expression patterns and sources of paracrine factors after transplantation of human bone-marrow-derived EPCs (endothelial progenitor cells) into mice after myocardial infarction [56] . Cell injection elicited a significant elevation in circulating concentrations of various angiogenic and anti-apoptotic paracrine factors that persisted for at least 14 days, despite the disappearance of the injected EPCs after 1 week. Interestingly, the majority of these factors were of mouse origin, indicating that the sustained up-regulation of paracrine factors could be attributed to host cells and/or tissues. Moreover, EPC transplantation enhanced mobilization of endogenous stem cells from the host's bone marrow and recruitment of these cells to the ischaemic myocardium, implicating the activation of endogenous repair processes in the functional improvements afforded by exogenous cell administration.
Peripheral injection of MSCs improves cardiac function via paracrine-mediated myocardial regeneration
To take advantage of the potent paracrine actions of bone marrow MSCs, colleagues from our Department have completed a series of studies investigating the therapeutic benefits of extracardiac MSC injection in a hamster heart failure model. Bilateral hamstring muscle injection of MSCs significantly improved ventricular function 1 month after injection, despite the fact that the injected cells were trapped in the local skeletal musculature. Evidence of myocardial regeneration was provided by an ∼80 % increase in myocyte nuclear density, ∼2-fold elevations in the expression of the cell-cycle markers Ki-67 and pHH3 (phospho-histone H3), and a reduction in mean myocyte diameter [57] . In addition, intramuscular MSC injection led to an increase in circulating growth factor concentrations, mobilization of c-kit + , CD31 + and CD133 + progenitor cells, and a subsequent increase in c-kit + cells in the myocardium. Taken together, these results indicate that MSCs are capable of stimulating endogenous repair processes to promote cardiac regeneration, even when they are administered via extra-cardiac injection to remote skeletal muscle. To delineate the mechanisms involved in this therapeutic strategy, the activity of the skeletal muscle JAK (Janus kinase)/STAT (signal transducer and activator of transcription) signalling pathway was investigated [58] . Incubation of cultured skeletal myocytes with MSC-conditioned medium induced phosphorylation of JAK1, JAK2 and STAT3, resulting in gp130-receptor-dependent production of HGF and VEGF (vascular endothelial growth factor). Similar responses were observed in MSC-injected hamstring muscle in vivo, including activation of JAK/STAT3 signalling and increased HGF and VEGF production. These host-derived factors promoted myocardial regeneration and improvements in cardiac function, a response that was abolished by the JAK/STAT3 inhibitor WP1066. Collectively, these results indicate that MSCs activate JAK/STAT3 signalling following skeletal muscle injection, causing the release of host-tissue-derived growth factors and activation of endogenous self-repair mechanisms to promote cardiac regeneration.
Global intracoronary MSC infusion in viable dysfunctional myocardium
Building on these findings, we investigated the effects of intracoronary autologous MSC injection in pigs with hibernating myocardium. In this model, regional ventricular dysfunction arises from repetitive ischaemia in collateral-dependent myocardium, resulting from a chronic stenosis of the LAD (left anterior descending) coronary artery. This condition is characterized by regional apoptosis-induced myocyte loss and compensatory hypertrophy that is stable between 3-and 5-months after instrumentation, allowing assessment of cell-therapy-mediated cardiac regeneration without the confounding effects of ongoing cell death [59] . At 4 weeks after MSC injection, regional LAD wall thickening was significantly improved, despite a persistent impairment in resting and adenosine-dilated coronary blood flow [60] . Transient elevations in circulating c-kit + and CD133 + cells were observed at 3 days after cell injection, with corresponding increases in c-kit + /CD45 − and CD133 + /CD45 − cells in hibernating and remote areas of the heart. Approximately 60 % of the c-kit + /CD45 − cells found in the heart were CD133 − , suggesting that a large proportion of c-kit + cells were resident CSCs, with fewer than half of the c-kit + cell population derived from extracardiac sources, such as the bone marrow. In addition, MSC-treated animals exhibited significantly greater expression of Ki-67 and pHH3 in the hibernating region, indicating that cell therapy stimulated myocyte proliferation. These effects resulted in an increased myocyte nuclear density and a concomitant regression in average myocyte diameter in hibernating myocardium, supporting myocyte regeneration following cell injection. Importantly, ex vivo analysis of cell fate following injection of fluorescent-labelled MSCs demonstrated rare instances of engraftment, with fluorescent staining limited to endothelium and vascular smooth muscle, but not cardiomyocytes. These data demonstrate that intracoronary injection of autologous bonemarrow-derived MSCs improves regional contractile function in swine with hibernating myocardium via myocardial regeneration that appears to result from stimulation of myocyte proliferation and mobilization of endogenous progenitor cells (Figure 1 ).
Studies supporting MSC-mediated stimulation of endogenous repair
The notion that the benefits of cell therapy are mediated by mobilization of endogenous progenitor cells is supported further by studies using genetic lineage tracing approaches to demonstrate that administration of bone-marrow-derived c-kit + cells promotes cardiac regeneration by augmenting the formation of new cardiomyocytes from endogenous progenitors after myocardial infarction [61] . These results are concordant with those of Hatzistergos et al. [62] , who injected bone-marrow-derived MSCs into the infarct area and border zone of pigs 3 days after myocardial infarction. MSC-treated animals exhibited reduced infarct size and an improvement in ejection fraction compared with vehicle-treated controls. Although evidence of MSC engraftment and differentiation to cardiomyocytes and blood vessels was reported, activation of endogenous c-kit + CSCs and stimulation of cardiomyocyte cell-cycling were implicated as the primary mechanisms responsible for the beneficial effects of cell therapy. Interestingly, the same degree of tissue recovery was not observed following injection of MSC-conditioned medium, suggesting that cell-cell interactions are necessary to permit activation of endogenous repair mechanisms. Follow-up in vitro experiments showed that MSCs stimulated c-kit + CSC proliferation and increased CSC expression of Nkx2.5 and troponin I, suggesting that MSCs may promote CSC differentiation to cardiomyocytes. Taken together, these observations reinforce the importance of host-derived regenerative responses in mediating the reparative effects of MSC therapy.
CSCs and CDCs as platforms for cardiac repair
Activation of endogenous regeneration as a mechanism underlying cell-therapy-mediated repair is not limited to cell populations derived from the bone marrow. Although stem cells derived from the heart itself possess superior cardiomyogenic potential in vitro, recent studies suggest that direct differentiation following transplantation is not the primary mechanism by which these cell populations promote cardiac recovery. For example, significant improvements in cardiac structure (increased viable heart mass) and function (increased ejection fraction and fractional shortening) have been observed following intracoronary injection of c-kit + CSCs to rats 30 days after myocardial infarction [32] . Interestingly, injected cells were detected in the hearts of only seven out of 17 CSC-treated rats 1 month after cell transplantation, although all treated animals exhibited similar increases in viable myocardium and ventricular function. Immunohistochemical staining against c-kit revealed an ∼10-fold increase in the number of c-kit + cells in both the risk area and non-infarcted regions of CSC-treated rat hearts. To determine the source of these cells, the authors administered the thymidine analogue BrdU (bromodeoxyuridine) for 2 weeks prior to killing and co-stained myocardial tissue sections for c-kit and BrdU to identify newly formed (endogenous) c-kit + CSCs. Although ∼40 % of the total c-kit + population was also BrdU + in vehicle-treated animals, the percentage of double-positive cells was significantly higher in the cell-treated animals, indicating activation of endogenous CSCs following injection of exogenous c-kit + cells [32] . Similarly, Chimenti et al. [63] injected human adult-derived CDCs into the infarct border zone of immunodeficient mice and quantified the percentage of HNA (human nuclear antigen) + (i.e. exogenous cell-derived) myocytes and capillaries 1 week later. Although cell treatment doubled the number of myocytes and capillaries, only ∼12 % of cardiomyocytes and ∼10 % of capillaries Proposed paradigm of cell-therapy-mediated cardiac repair via stimulation of endogenous repair processes Although the initial application of cell-based therapies for myocardial repair was motivated by the idea that the delivery of exogenous stem and/or progenitor cells could promote myocyte regeneration via direct differentiation to cardiac cells, studies to date suggest that this rarely occurs, if at all. Instead, it appears that cell administration stimulates endogenous cardiac repair processes, possibly via paracrine signalling, direct cell-cell interactions, and/or transfer of microRNAs that influence the transcriptional activity of host cells. Data from experimental studies in our laboratory indicate that the repair process involves mobilization of c-kit + resident CSCs in both healthy (sham control) and diseased hearts. However, only animals with viable dysfunctional (hibernating) myocardium exhibit increased markers of cell-cycle activation (such as Ki-67 and pHH3), indicative of myocyte proliferation. Collectively, the mobilization of endogenous progenitors and stimulation of myocyte cell-cycle re-entry result in myocardial regeneration, characterized by an increased density of myocyte nuclei and a reduction in mean myocyte diameter.
were also HNA + , indicating that indirect mechanisms contribute to a significant portion of cell-therapy-mediated repair. Further analyses revealed that CDC treatment increased tissue levels of exogenous cell-derived growth factors, enhanced expression of the pro-survival signalling kinase Akt and reduced apoptosis, suggesting that paracrine-mediated effects on cell survival may have contributed to functional recovery as well.
In summary, data from our laboratory and others indicate that direct differentiation of exogenous cells into cardiomyocytes following transplantation may not be the primary mechanism underlying the regenerative benefits of many cell-based therapeutic approaches. Instead, it appears that direct and paracrine-factormediated activation of recently recognized endogenous mechanisms of repair, such as mobilization of bone-marrow-and cardiac-resident progenitor cells and stimulation of cardiomyocyte cell-cycle re-entry, are probably responsible for myocardial regeneration and functional improvements derived from cell therapy (Figure 2 ).
IMPLICATIONS FOR FUTURE RESEARCH
Our evolving understanding of the processes involved in successful cardiomyocyte regeneration after injury has important implications for the development of novel strategies to optimize cell-mediated repair of the heart. Identification of specific molecular and cellular mechanisms promoting the formation of new myocytes from endogenous progenitor cells and/or the proliferation of pre-existing myocytes has directed experimental approaches aiming to target these pathways to enhance regeneration. In addition, recognition of the important role played by the host's own self-repair processes in the success of cell-based therapies has encouraged researchers and clinicians to consider avenues of myocardial repair beyond direct differentiation of exogenous cells delivered to the damaged heart.
One active area of investigation involves the development of techniques to modify stem and progenitor cell populations ex vivo prior to administration in an attempt to improve cell survival, proliferation, engraftment and/or production of paracrine factors after delivery. Several approaches have shown promising results, including cell preconditioning with hypoxic culture conditions, genetic modifications, and pharmacological augmentation of reparative capacity [64] . For example, incubation of cardiospherederived c-kit + progenitor cells in a hypoxic environment for 6 h before delivery enhanced their therapeutic efficacy, as these cells elicited a larger reduction in infarct size and greater improvement in ventricular function than cells cultured under normoxic conditions [65] . This effect was abrogated by the addition of a CXCR (CXC chemokine receptor)-4 inhibitor, indicating that the benefits of hypoxic preconditioning occur via up-regulated activity of CXCR-4 and/or its ligand SDF (stromal-cell-derived factor)-1. The SDF-1/CXCR-4 axis plays an important role in progenitor cell homing to damaged tissue and has also been shown to be involved in the increased mobilization of bone marrow cells to the damaged heart after injection of MSCs genetically modified to overexpress IGF-1 [66] . As an alternative method to target the IGF system without ex vivo genomic manipulation of cells prior to injection, combination therapy involving administration of c-kit + CSCs and biotinylated IGF-1 nanofibres has also been tested as a way to enhance cell-mediated cardiac regeneration. Compared with either CSCs or IGF-1 nanofibres alone, combination therapy elicited a greater recovery of cardiac function and superior myocardial regeneration largely via enhanced activation of endogenous resident cardiac progenitor cells [67] . Augmentation of endogenous repair was also implicated as a mechanism underlying the superior reparative efficacy of c-kit + CSCs genetically engineered to express Pim-1 kinase, a downstream target of Akt that promotes cell survival and proliferation [68] . Thus several cell modification techniques have been proven to successfully enhance the regenerative capacity of cell-based therapies in pre-clinical experiments. Although many of these approaches aim to enhance the survival and/or retention of cells after injection, the vast majority of exogenously delivered cells still do not persist several weeks after delivery yet elicit persistent functional benefit, further reinforcing the importance of the endogenous repair system in this process.
As an alternative to modifying cells ex vivo before autologous administration, there is interest in allogeneic transplantation of cell populations that may offer superior myocardial regenerative potential. The finding that stimulation of endogenous repair processes is a primary mechanism underlying cell-therapy-mediated cardiac regeneration facilitates this approach, since long-term engraftment and immune tolerance to administered cells is not mandatory to obtain structural and functional benefits. This idea is particularly attractive given that the majority of patients that would benefit from cell therapy may possess a stem cell population that is compromised by age and/or disease, thereby limiting the quantity and quality of cells available for isolation and ultimately hampering the effectiveness of autologous cell transplantation [69] . In this context, evidence that allogeneic transplantation of several prospective cell populations, including MSCs [50] and CDCs [70] , is safe and effective at improving ventricular function in pre-clinical models of ischaemic heart disease is particularly exciting. Further validation of allogeneic cell transfer approaches in large animals and humans will motivate future investigation aimed at identifying sources of functionally superior stem and progenitor cells. Along these lines, accumulating evidence supports the notion that CSCs isolated at an early stage of post-natal development may be particularly well suited for therapeutic use. Multiple studies demonstrate that cardiac c-kit + cells derived during the first week of post-natal life exhibit superior cardiomyogenic capacity in vitro compared with cells isolated from adult hearts [71, 72] , which may contribute to the transient regenerative potential of mammalian hearts at this stage of life [73] . The recent finding that human neonatal-derived CDCs elicit greater myocardial repair than adult-derived CDCs when administered after infarction provides early support for the potential translation of a new therapeutic paradigm in which CSCs derived from young donors are utilized to promote myocardial regeneration in older patients with ischaemic heart disease [74] . Alternatively, non-viable (i.e. lethally irradiated) stem cells could be used as in vivo 'feeder layers' to promote endogenous myocardial repair since long-term cell survival is not necessary, an approach supported by recent data demonstrating activation of endogenous regeneration and improvements in myocardial function following injection of mitotically inactivated embryonic stem cells [75] . However, it must be kept in mind that potential age-or diseaserelated deficits in recipient repair processes may ultimately hinder the effectiveness of cell transplantation, regardless of the source of administered cells, given the important role of endogenous regenerative responses in mediating repair after exogenous cell injection.
In addition to strategies focusing on amplifying the reparative capacity of cells prior to delivery, efforts have also been made to identify the optimal myocardial substrate and patient population to maximize the efficacy of cell-based therapy. This may be particularly important given the prominent role that the host cell and tissue repair mechanisms play in mediating cell-therapystimulated regeneration. From this perspective, it is tempting to speculate that targeting dysfunctional but viable myocardium, rather than infarct and border zone areas, may facilitate greater regeneration after cell administration. This notion is supported by data from our laboratory documenting the ability of MSCs [60] , CDCs [76] and other interventions [77] to promote myocyte regeneration in swine with viable dysfunctional ('hibernating') myocardium. Although there are many causes of hibernating myocardium, they typically reflect the consequences of cardiomyocyte loss and compensatory cellular hypertrophy arising from overload [78] . This hypertrophied cellular phenotype arises from many of the pathophysiological stimuli encountered in heart failure, including ischaemia, chronically elevated preload and neurohormonal activation, all of which increase over time during disease progression. Importantly, a large amount of chronically dysfunctional myocardium in patients with ischaemic cardiomyopathy is generally viable [79, 80] and is thought to be a major contributor to the progression of global ventricular dysfunction. Therefore focusing cell-based therapies on regenerating myocytes in viable dysfunctional tissue may be a more effective strategy than targeting fibrotic tissue or the relatively small border zone adjacent to the infarct, which has been the aim of many studies. Mechanistically, chronic hibernating myocardium may be amenable to therapeutic regeneration as a result of chronic cellular remodelling that may facilitate myocyte proliferation. Originally described by Borgers and co-workers [81] , hibernating myocytes are characterized by a loss of myofibrils, mini-mitochondria and a reversion to a fetal phenotype, indicative of cellular dedifferentiation. We have demonstrated previously that this dedifferentiated cellular phenotype is present in remote normally perfused regions of the heart, as well as in dysfunctional chronically ischaemic hibernating myocardium in swine with a chronic LAD stenosis [82] , a pattern that has also been observed in patients with ischaemic cardiomyopathy undergoing coronary revascularization [83] . Zhang et al. [84] have shown that dedifferentiation of mature mammalian cardiomyocytes in vitro results in down-regulation of cell-cycle inhibitors and re-expression of cardiac progenitor cell markers, including c-kit, ultimately promoting cell proliferation and the formation of new myocytes. These results raise the intriguing possibility that myocyte dedifferentiation may be involved in facilitating cell proliferation in hearts with hibernating myocardium. Future studies will be necessary to directly test this hypothesis, with the results likely to provide insight regarding how different pathophysiological substrates respond to therapies aimed at stimulating myocyte regeneration. Ultimately, this information will have significant implications for the clinical translation of cell therapy and the identification of patient populations that may receive the largest benefit from these therapeutic approaches.
SUMMARY
Tremendous progress has been made in the field of cell-based therapeutics for cardiac repair and regeneration in the past 15 years, with encouraging results from initial clinical trials supporting the safety of treatment approaches involving the administration of various stem and progenitor cell populations. Looking forward, it is imperative to expand our current knowledge of the mechanisms involved in successful myocardial regeneration to guide future basic and translational investigation aimed at optimizing cell therapy for clinical use. A growing body of evidence clearly demonstrates that a primary mechanism underlying the beneficial effects of cell transplantation is activation of endogenous cardiac repair processes, the details of which remain poorly understood. It is anticipated that future studies will continue to advance our understanding of these self-repair mechanisms and lead to the discovery of new and effective methods of cell-based myocardial repair, ultimately resulting in an improved ability to restore cardiac function in heart disease patients and reduce the substantial rate of morbidity and mortality associated with this condition throughout the world. 
